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I. INTRODUCTION AND BACKGROUND
Porous low-k organosilicate dielectrics are replacing SiO 2 as the preferred inter-metal dielectric film to reduce signal propagation delay and power dissipation in ULSI circuits.
1,2 A critical challenge in plasma processing of these porous materials is their sensitivity to charging, chemical and physical damage, and time-dependent dielectric breakdown (TDDB) failure as a result of plasma exposure.
3-7 During plasma processing, ion bombardment, vacuum ultraviolet (VUV) irradiation, and free-radical flux can occur. [8] [9] [10] [11] These are of concern because the critical dimensions are now the same size as the penetration depth of particles and photons.
VUV radiation has been found to introduce photoconductive effects 12, 13 which govern the density and location of trapped charges within the dielectric. [14] [15] [16] [17] In addition, trapped charges generated by VUV irradiation of low-k dielectrics have been shown to adversely affect the capacitance, 18 breakdown voltage, 19 and leakage currents 20, 21 without any chemical or structural change in SiCOH. This review demonstrates how VUV irradiation causes generation of trapped charges in SiCOH and how it can be reduced. In describing ways to reduce trapped charges, we also describe methods to determine the number of trapped charges in the dielectric. 22 Furthermore, the effect of VUV irradiation on charge trapping, chemical changes, and changes in defect state concentration are contrasted with that of ion bombardment during plasma exposure.
Using synchrotron VUV radiation, particle bombardment can be eliminated from photon bombardment. 23 During plasma exposure, differentiation between the effects of charged particle bombardment and VUV irradiation during plasma exposure can be achieved by using a capillary-array window 24 that effectively shields the dielectric from charged-particle bombardment without disrupting VUV irradiation. After simultaneous plasma exposure to both uncovered and array-covered dielectrics, the changes caused by VUV irradiation and ion bombardment to the electrical, chemical, and physical properties of the dielectric can be examined.
Studies of low-k porous SiCOH have concentrated on determining the defect-state density and their effects on dielectric functionality and reliability. High defect-state density often leads to significant charge trapping in porous low-k SiCOH which, in turn, has a detrimental effect on its reliability. 25 Guedj et al. have shown through x-ray photoemission spectroscopy that the binding energy of atoms in SiCOH decreases with charge trapping. 6 They also deduced that irreversible degradation of the dielectric could occur. Although their study used thermal stress as the energy source, VUV irradiation can have a similar effect since both techniques cause generation of trapped charge.
A known technique to reduce radiation damage is to optimize the plasma gas chemistry. 26 Ishikawa et al. 27 have shown on SiO 2 and Si 3 N 4 that, through plasma gas optimization, radiation-induced damage could be reduced. However, the defect-state density in SiCOH is higher than in SiO 2 or Si 3 N 4 . It has been reported by Atkin et al. 15 from impedance measurements that low-k porous SiCOH has a significantly higher density of defect states as compared to silicon dioxide. Hence plasma-gas optimization was not sufficient. In addition, SiCOH has mechanisms of charge trapping beyond those in SiO 2 and Si 3 N 4 . First, it has been reported by Chao et al. 28 that the SiCOH surface has increased dangling bonds, as compared to SiO 2 , where charge trapping can occur. Second, through a theoretical approach, Planelles et al. 29 showed that charges can be trapped in pores of SiCOH. Thus more investigation is required to understand the mechanisms behind the generation of trapped charge in SiCOH and to develop ways to reduce it.
II. CHARGE TRAPPING
VUV irradiation of dielectrics can cause electron-hole pair generation, photoconduction, photoemission, and photoinjection of electrons from the substrate into the dielectric. [30] [31] [32] [33] [34] These processes depend on the incident photon energy and the dielectric composition and thickness. Electronhole pairs will be formed if electrons are excited into the conduction band from the valence band or from defect states within the dielectric. 34 The behavior of photoconduction, photoemitted, and photoinjected electrons will then depend on the energy of the generated electron. That is, depending on their energy, the electrons and holes can travel in the dielectric, i.e., photoconduction or remain trapped at a fixed location. It is expected that electrons will dominate photoconduction, photoemission, and photoinjection, because the mobility of electrons is much larger than the mobility of holes. 35 When the energy supplied by irradiation is greater than the sum of the bandgap energy and the electron affinity (i.e., photoemission threshold), photoemission can occur from the valence band of the dielectric and/or the defect states in the bulk of the dielectric. 28 An electron with energy lower than the photoemission threshold could gain additional energy from another process and be photoemitted. Thus, photoemission from the defect states leads to depopulation of electrons from the dielectric. Therefore, after photoemission, a dielectric develops a net positive charge.
Photons with energies greater than the bandgap energy but lower than the photoemission threshold, will create electron-hole pairs, which remain within the dielectric layer. The electrons and holes may separate due to their initial energies and/or the presence of an electric field within the dielectric layer resulting in a photoconduction current.
In addition to VUV photons being absorbed in the dielectric, they can also be absorbed in the substrate. For this to occur, the photons must penetrate through the dielectric. Photoabsorption in the substrate can thus result in electronhole pairs begin created in the substrate. Similarly to the dielectric, electrons in the substrate can photoconduct. In addition, these electrons can be photoinjected into the dielectric. For photoinjection to occur, the substrate-dielectric interface-energy barrier should be less than the energy of the electrons. For example, the Si-SiCOH interface has an energy barrier of 4 6 0.5 eV. 15, 18, 20 As a result, only electrons in silicon with energies greater than 4.5 eV can be injected into SiCOH from Si. A reverse process whereby electrons are injected from the dielectric into the substrate can also occur. But the probability of an electron being injected from the substrate into the dielectric is higher since the electrons generated in the substrate tend to have a higher energy than the ones in the dielectric because the band gap of Si is smaller than that for SiCOH. Photoinjection can be further enhanced by the presence of trapped charges in SiCOH at the interface that reduces the interface energy barrier by acting as a low-energy conduction pathway. 36 It is plausible that photoinjected electrons generate a drift/diffusion current from the substrate-dielectric interface to the dielectric-vacuum interface, where electrons can be photoemitted. 37, 38 Thus, at any given time during VUV irradiation, photoemitted electrons are the result of (1) depopulated electrons from the defect states and (2) photoinjected electrons. Trapped charges from the depopulation of defect states will continue to be created until a steady state is achieved. At this point, no more net trapped charge will be generated in the dielectric, and the photoemitted electron flux will then be equal to the flux of the photoinjected electrons. In order to have a complete circuit, charge conservation dictates that when the substrate is connected to ground, the photoemitted electrons are returned to the substrate. Thus, under these conditions in steady state, the photoemission current is equal to the substrate current.
To illustrate, suppose an electron is photoemitted. The vacuum chamber collects the photoemitted electrons. If both the chamber and the substrate are grounded in the system, the electrons flow back into the substrate. Since VUV irradiation is still occurring, this enables the electrons to be photoinjected back into the dielectric. Once the electrons are in the dielectric, they can undergo drift/diffusion followed by photoemission, and the cycle continues.
As the trapped charge increases in the dielectric, a selfconsistent electric field appears. 38 The self-consistent electric field acts as a barrier for electrons leaving the dielectric and hence reduces photoemission. This continues until steady state. In steady state, no additional trapped charges are generated, and hence the electric field attains its maximum and steady state value. The self-consistent electric fields have been estimated to be in order of MV/m in dielectrics. 38 Although numerical simulation of electron motion has not been done for porous SiCOH, calculations for SiN have showed that the self-consistent electric field indeed acts a barrier to the number of trapped charges being generated in the dielectric. 39 Thus, each of the three primary processes (photoemission, photoinjection, and photoconduction) competes with the others to influence charge accumulation during VUV irradiation. 40 Photoemission of electrons from defect states depopulates these states of electrons, resulting in accumulation of net positive charge. Conversely, photoinjection can repopulate vacant defect states in the dielectric with electrons from the substrate, resulting in a net depletion of trapped positive charge. 36, 38, 39, 47, 48 
III. EXPOSURE SYSTEMS

A. Synchrotron radiation
Most dielectrics have an energy bandgap that lies between 5 and 10 eV, which is within the vacuum ultraviolet range (10-200 nm, 6.2-124 eV). 41 As a result, VUV photons produce photoemissive, photoconductive, and photoinjective processes within dielectrics. Thus, an obvious choice to examine the VUV response of dielectric films as a function of VUV photon energy is synchrotron radiation. The synchrotron exposure system used here is shown in Figure 1 . It consists of a dielectric-coated wafer with a 100 Â 100 mm square aluminum plate placed 3.5 cm in front of the wafer. In the center of the Al plate there is a rectangular opening 20 Â 50 mm in size to allow the VUV photons to be normally incident on the surface of the wafer. The aluminum plate can collect photoemitted electrons, which allows for the simultaneous measurement of the photoemission current and the current drawn by the substrate during VUV exposure. This system was inserted in a vacuum chamber at a distance of 5 feet from the exit slit of a normal-incidence Seya-Namioka VUV monochromator at the University of Wisconsin Synchrotron Radiation Center (SRC). The monochromator has an output-energy range between 4 and 30 eV and a bandpass of 0.3 nm. During VUV irradiation, the vacuum chamber was evacuated to a pressure of 10 À8 Torr. At the location of the wafer, the photon beam is elliptical and measured to be roughly 25 mm Â 10 mm on the wafer surface. As shown in Figure 1 , the substrate is grounded during VUV irradiation, while a dc-bias voltage of þ48 V is placed on the Al plate to ensure that the Al plate collects most of the photoemitted electrons. The photoemission current and the current drawn by the substrate are each measured with a Keithley 486 picoammeter.
With the arrangement shown in Figure 1 , two types of experiments are performed to characterize (1) the accumulation of charge within dielectrics during VUV irradiation and (2) the valence-band structure and energy levels of trap states within the bandgap of dielectrics using VUV spectroscopy. In both cases, the currents drawn by the Al plate and the substrate during VUV irradiation are measured. However, in case (1), a single photon energy is used, while in case (2) the photon energy is rapidly scanned over a range of energies, for example, between 5 and 15 eV. However, during this VUV spectroscopy, special care must be taken to ensure that the photon flux is small enough so that modification of the dielectric is minimized emphasizing the need for a rapid scan. In these experiments, the photon flux is approximately two orders of magnitude smaller for VUV spectroscopy then for monochromatic VUV irradiation.
B. Electron cyclotron resonance (ECR) plasma
ECR plasma systems belong to the family of lowpressure, high electron-temperature discharges. 42 Here, the ECR system is used only to study the plasma-induced damage of dielectric wafers.
As shown in Figure 2 , the ECR plasma system used here consists of a 2. 45 GHz, 2 kW microwave generator, two magnets arranged in a magnetic-mirror configuration, and a turbomolecular pump. Microwave radiation is coupled along the axis of the cylindrical vacuum chamber through an aircooled quartz window. The turbomolecular pump is connected to the opposite end of the vacuum chamber. A massflow controller provides the gas feed.
For the cyclotron frequency of 2.45 GHz, electron cyclotron resonance occurs at a magnetic field of 875 G. The magnet current was adjusted to locate the cyclotron-resonant layer in the midplane of the vacuum chamber.
The use of magnetic fields in ECR discharges gives the user the ability to control the shape of the magnetic field and thus the shape of the plasma, which controls the uniformity across the wafer. For the operating conditions chosen in this work (20 mTorr pressure, He, 400 W microwave power), the spatially uniformity of the ECR system was assessed by exposing an unpatterned SiO 2 /Si wafer to the ECR plasma and measuring the wafer surface potential using a Kelvin probe. 43 The measurement revealed little or no variation of the surface potential across the wafer. Hence, it was concluded that the ECR plasma is uniform across the wafer surface.
A monochromator was connected to the chamber to measure the VUV spectrum over a wavelength range from 50 to 300 nm. Ion density and electron temperature were monitored using a Langmuir probe. These parameters were used to calculate the photon spectrum emitted from the plasma. 6 In addition, a calibrated photodiode was used to measure the photon flux during plasma exposure. During plasma exposure, a capillary window over the sample was used when needed to separate charged-particle and VUV photon bombardment. 44 
IV. MEASUREMENT TECHNIQUES
A. Substrate/photoemission currents Measurement of the photoemission and photoinjection currents can be used to calculate the number of trapped charges generated as a function of photon dose in the dielectric. 22, 45 The difference between the photoemission/substrate current and the injection current as a function of photon dose is a measure of the number of trapped charges being created per unit time. The time integral of the trapped charges generated over the exposure time is the total number of trapped charges. Since the injection current is assumed constant, we can find the injection current from the steady-state photoemission/substrate current. This is graphically shown in Figure 3 and mathematically expressed as
where I pe and I pi are the photoemission and photoinjection currents as functions of photon dose u. The photon dose is a monotonically increasing function of exposure time t. From Eq.
(1), it is expected that if the photoinjection current is larger, the trapped charge accumulation will be lower.
B. VUV spectroscopy
From a device-performance perspective, it is very important to know the energy distribution, within the bandgap of SiOCH, of the trap states. For example, if the trap states line up in energy with electronic states within adjacent dielectrics or conductors, resonant-energy charge exchange can occur between the two material. Charge exchange with SiCOH and other materials can result in larger leakage currents and thus reduce the performance of microprocessors.
To determine the bandgap energy of SiCOH and the location of the trap states within the bandgap, we used VUV spectroscopic measurements on several low-k porous SiCOH dielectrics. VUV-spectroscopic measurements are made by measuring the substrate/photoemission currents as the photon energy is scanned. This results in peaks in the measured substrate/photoemission currents at various photon energies due to the excitation of electrons from specific electronic states to an energy above the conduction band of the dielectric layer. By comparing the photon energy at which the electronic states are excited with the energy levels calculated by first-principles studies 46 reported in the literature 47 the energy levels from which the electrons were excited can be determined. 
C. Surface-potential measurements
Surface-potential measurements, [49] [50] [51] [52] [53] [54] obtained with a Kelvin probe, have been used for decades 55 as a technique for measuring charge induced on dielectric. Surfacepotential measurements can give useful information about the net charge deposited on and within the dielectric layer such as trapped charge, mobile (free) charge, and surface charge. 56, 57 As will be shown, the Kelvin probe can be of particular importance for the measurement of the trapped charge within dielectrics after VUV irradiation. In this section, the operation of the Kelvin-probe system and how it can be used to measure trapped charges within dielectric films is explained A Kelvin probe is a noninvasive vibrating capacitor used to measure the surface potential of a charged dielectric on a conducting (or partially conducting) substrate. 58 Since the Kelvin probe is a noncontact device, the total charge on the dielectric can be measured without depleting/neutralizing any of the charge on the dielectric. A sketch of the Kelvinprobe system used here is shown in Figure 4 . A capacitor is formed between the tip of the vibrating probe and the conductive substrate. The dielectric layer and an air gap are located between the electrodes of the capacitor. The measuring technique consists of vibrating (dithering) the probe above the dielectric surface, while simultaneously measuring the current through the capacitor as a function of time as the dc-bias voltage V b is varied. An alternating current of the same frequency as the vibration frequency of the electrode will flow through the capacitor and is described by the following equation:
where C k is the capacitance between the substrate and probe tip, V is the voltage across the capacitor, V SP is the surface potential of the dielectric layer, V b is the bias voltage in series with the substrate, and t is time. Note that the voltage across the vibrating capacitor is constant. Thus, the only current through the capacitor is due to the change in capacitance due to the motion of the vibrating probe. This current can be measured as a voltage drop across the resistor R shown in Figure 4 . As can be seen from Eq. (2), when the bias voltage V b is equal and opposite in polarity to the surface potential V SP , the current through the vibrating capacitor is zero. This allows us to determine the surface potential on the dielectric underneath the probe tip. By scanning the probe tip across the surface of the dielectric, a two-dimensional surfacepotential map can be obtained.
D. Capacitance-voltage characteristics
A mercury probe 59 is used to measure the capacitance vs. voltage (C-V) characteristics across Hg/dielectric/semiconductor structures. The C-V characteristics allow us to determine the amount of trapped charge within the dielectric films. The mercury drop is placed on the surface of the dielectric to form a metal/oxide/semiconductor (MOS) structure. The MOS structure is positioned on a probing station, housed in a light-tight box, and is connected by shielded cables to an inductance-capacitance-resistance (LCR) meter (Stanford Research Systems Model SR720). The LCR meter superimposes a small ac signal on top of a dc voltage that is stepped in increments of 1 V per minute. The ac signal is typically 15 mV rms or less at a frequency of 100 kHz. The LCR meter detects the resulting ac current flowing through the MOS structure and determines the capacitance as a function of voltage. For I-V characteristics, the steady-state current drawn through the dielectric is measured as a function of voltage with a Keithley 486 picoammeter.
The capacitance of the MOS structure varies as a function of the applied gate/metal voltage due to the accumulation or depletion of charge carriers (electrons, holes, or ion donors 60 ) at the dielectric/semiconductor interface. Here we use the mercury probe to measure the MOS C-V characteristics in the "high-frequency" regime (>10 kHz). 43 If there are charges located within the dielectric layer, then the entire C-V curve, including the flat-band voltage, will shift in proportion to the density and location of the charges within the dielectric. Assuming the charge distribution q(x) varies in an arbitrary manner across the width of the dielectric layer the flat-band voltage shift can be expressed as
where x is the position with the dielectric layer measured from the Hg-dielectric interface and d is the thickness of the dielectric. Thus, the C-V characteristics obtained with the mercury probe are very useful and can be used to determine the amount of trapped charge within dielectric layer. In particular, by comparing the flat-band voltage before and after VUV and/or UV radiation we can evaluate the degree of charge accumulation within the dielectric layer due to radiation exposure.
E. Electron-spin resonance (ESR) spectroscopy
ESR is an extraordinary useful analytical tool 61 quite widely utilized for chemistry, biomedical, and solid-state physics research. 62 In particular, ESR can provide fairly detailed chemical and structural information about trapping centers within dielectrics and its interface with silicon provided that the trapping centers are paramagnetic. 45 This requirement of paramagnetism 63 is of great advantage for the relatively simple electrically active defect centers that are relevant to MOS device technology. 45 For example, most trapping centers within dielectrics or at the dielectric/Si interface will capture a single electron or a single hole. As a result, an initially diamagnetic center will be rendered paramagnetic (i.e., ESR "active") after trapping an electron or hole. 45 On the other hand, an initially paramagnetic center can be rendered diamagnetic (i.e., ESR "inactive") with the capture of either an electron or a hole. 45 In this way, ESR can identify the response of a defect center to charge carriers created during VUV irradiation, allowing us to identify the chemical and structural properties of defect center responsible for trapping charge.
In ESR spectroscopy, the sample under study is placed within a microwave cavity and then is exposed to a large slowly-varying magnetic field. 45 The microwave cavity is excited with a low-amplitude microwave signal typically in the microwave X band 64 : a microwave frequency v > 9.5 GHz. 45 For a fixed microwave frequency, paramagnetic defects within the sample will absorb the microwaves at specific magnetic fields since an unpaired electron has two possible orientations in the applied magnetic field and thus two possible energies. 45 Magnetic resonance occurs when the energy difference between the two electron orientations is equal to Planck's constant, h, times the microwave frequency. 45 For the very simple case of an isolated electron, the resonance requirement may be expressed as
where the dimensionless factor g 0 ¼ 2.002319, b e (J/Tesla) is the Bohr magneton, h is Planck's constant, and B (Tesla) is the applied magnetic field. 45 Equation (7) describes the resonance condition for an electron that does not otherwise interact with its surroundings. 45 The structural information provided by ESR of a paramagnetic defect center within a solid is due to deviations from this simple expression. 45 For the relatively simple trapping centers studied in MOS systems, these deviations are due to spin-orbit coupling and electron-nuclear hyperfine interactions. 45 The spin-orbit coupling can be included in the ESR resonance condition by replacing the constant g 0 in Eq. (4) with the so called g-value 47 associated with the defect center under study. Thus, by monitoring the absorption of microwaves by the sample as the applied magnetic field is varied, the g-value of the paramagnetic center can be determined from the following expression:
Quite a few defect centers within MOS defects have been identified with ESR. The most important defects are the E 0 and P b centers. 45 The ESR signals can be fitted, using the least-squares method, into Lorentzian derivatives which have the form of
where A represents the amplitude of the signal, B 0 can be used to determine the g-factor of the defects, and r is the width of the signal as the magnetic field is varied through resonance. The relative defect concentrations were calculated using the double integral of the signal as
Absolute numbers of defects were obtained by comparison with a 0.0003% KCl weak-pitch sample (3.7 Â 10 13 spins/ cm). The fingerprint of the defects, known as the g-factor, was calculated from the frequency and magnetic field strength as g ¼ 2.0033. Using Eqs. (6) and (7), the changes to the defect concentrations in the dielectric were determined. 24, 62, 65 
V. DIELECTRIC MATERIALS
To investigate the effect of VUV, SiCOH samples of various dielectric constants and thicknesses were deposited on p-type silicon using plasma enhanced chemical vapor deposition (PECVD). The samples used here are shown in Table I . All three materials were produced with a single organosilane precursor. A structure forming and porogen molecule approach was not used. The deposition process took place in a capacitively coupled PECVD reactor with a radiofrequency source of 13.56 MHz in the presence of various inert and reactive gases as well as the above precursor. The process conditions such as pressure, RF power, precursor flow, and gas flows were varied to achieve desired film properties such as the dielectric constant, thickness, etc.
It is well known that plasma deposition induces defect states. 66 As a result, PECVD SiCOH dielectrics will likely exhibit non-ideal characteristics. As mentioned earlier, VUV photons will cause depopulation of these defect states. VUV spectroscopy of a SICOH sample after irradiation with different photon doses can be used to show the depopulation effect as follows. Figure 5 shows four VUV-spectroscopic measurements between 5 and 15 eV taken after irradiating the dielectric with three different doses of 8-eV photons. Zero photon dose (no irradiation) is also shown for comparison. After the dielectric was irradiated with 8 eV photons, the peak due to defect states at 8 eV, as shown in Figure 5 , reduces in magnitude relative to the other peaks at 6.2 and 9.6 eV. This result is consistent with findings of Yu et al. 67 and Atkin et al. 18 who claim the defect states in SiCOH to be located 0.15-0.3 eV below the conduction band and 0.5 eV above the valence band. 68, 69 The height of the 8-eV peak is observed to increase as the 8-eV photon dose is increased. The magnitude of the peak at 8.0 eV eventually reaches a steady-state value for photon doses higher than 3 Â 10 13 photons/cm 2 . We believe steady state is reached when all the defect states are depleted of electrons. That is, before VUV irradiation, the defect states are filled with electrons. During VUV irradiation, electrons are excited from the defect states to energies above the conduction band where they are photoemitted.
B. CV and surface potential measurements
We now compare the CV and surface-potential measurements after irradiation. A flat-band voltage of À2 V was observed for 266-nm SiCOH (k ¼ 2.65). For a thicker sample, 444-nm SiCOH (k ¼ 2.65) the flat-band voltage was À4 V. For VUV irradiation of 8 eV photons at a dose of 5.5 Â 10 14 photons/cm 2 incident on 266-nm thick SiCOH (k ¼ 2.65), the flat-band voltage shifted to À4 V. This is shown in Figure 6 as V FB1 . The negative shift shows that the defect states have been depopulated of electrons by VUV irradiation resulting in more trapped positive charges. As photon dose increased, the flat-band voltage shifted more negatively until the flatband voltage saturated at a maximum value of À6 V at a dose of 1.1 Â 10 15 photons/cm 2 . This saturation flat-band voltage, V FB2 , is shown in Figure 6 .
The surface potential also increased as the magnitude of the flat-band voltage increased. For the same photon dose (1.1 Â 10 15 photons/cm 2 ) that resulted in flat-band voltage saturation, the surface potential also saturated ( Figure 7 ). This also implies that with increasing doses of VUV, more defect states were depleted of electrons. Thus, the maximum values of flat-band voltage and surface potential both occur when most of the defect states are depleted of electrons. advantageous, yielding the benefits of improved hardness and corrosive strength of the dielectric. 74, 75 However, by comparing the photoemission currents and surface-potential measurements for pristine SiCOH and UV-cured SiCOH, it is seen that more positively charged traps are generated in the UV-cured SiCOH compared to pristine SiCOH. 76 Furthermore, although UV curing reduces the number of defect states, we find that it can also increase both the intrinsic and photo-conductivities of SiCOH.
In steady state, the photoemission/substrate current can be used to find the defect density and photoconductivity of the dielectric. When the VUV photon energies are less than the bandgap energy, the following processes can occur 31, 32, 36, 38 :
(1) If the photon energy is greater than the energy difference between defect states in the bandgap and the vacuum, electrons trapped in these defect states can be directly photoemitted. (2) If the photon energy is less than the energy difference between the defect states in the bandgap and the vacuum, electrons can be excited into higher-energy defect states and then be photoemitted. (3) The VUV photons can excite electrons from the valence band into defect states, depending on the energy difference between the valence band and the defect states.
For processes (2) and (3), because the electrons travel through defect states before being photoemitted, the number of defect states is the controlling factor for the substrate/photoemission current. Hence, the greater the number of defect states, the larger the electron photoemission/substrate current for a given photon flux. Since the photon-flux density can vary with position, each incremental area of the dielectric generates a photoemission/substrate current density that is proportional to the photon flux over that incremental area. Hence, for photon energies less than the bandgap energy, the photoemission/substrate current in steady state is proportional to the defect-state density.
On the other hand, VUV photons with energies greater than the bandgap energy can be used to determine the sum of the intrinsic conductivity and the photoconductivity as follows. These photons can cause direct photoemission of electrons from both the defect states in the bandgap and the valence band since the density of states of electrons in the valence band is much greater than the defect-state density in the bandgap. 77 Hence, the electrons from the valence band will dominate the photoemission process.
The photoemitted electrons are collected and returned to the grounded substrate and then injected back into the dielectric. These electrons can travel to the vacant states in the valence band. 36 As these electrons flow back to the substrate, during steady state, the magnitude of the surface potential across the dielectric will depend on the parallel combination of the intrinsic and photo conductivities of the dielectric. 78, 79 By finding the combined conductivity in this way and then finding the intrinsic conductivity as described below, the photoconductivity can be determined.
The intrinsic conductivity can be computed from the trapped-charge decay rate after VUV irradiation. 43, 80 The trapped positive charges recombine with free electrons under influence of the self-consistent electric field. 38 In the absence of VUV photons, the drift motion of electrons under the influence of the self-consistent electric field in the dielectric is determined by the intrinsic conductivity. Since the surface potential is a measure of the amount of trapped charge in the dielectric, then from the decay rate of the surface potential the intrinsic conductivities and photoconductivities of both pristine and UV-cured SiCOH can be found and compared. 81 To investigate these effects, 640 nm of low-k porous SiCOH dielectric was deposited on two Si wafers. One sample was kept pristine, while other sample was UV cured. After UV curing with a Novellus System SOLA V R , the dielectric thickness was measured to be 500 nm using ellipsometry. The following measurements were made on pristine SiCOH and UV-cured SiCOH to compare charge trapping and conductivities. (1) Initial VUV spectroscopy, in which photoemission/substrate current is measured as a function of incident photon energy, between 4.5 and 12 eV. (2) 8 eV irradiation at a fixed energy but with much higher flux. The 8-eV photon dose was adjusted so as to achieve steady state. The photoemission/substrate current was measured as a function of time/dose during irradiation. (3) VUV spectroscopy was repeated after the 8-eV irradiation. (4) A set of surfacepotential maps was generated with a Kelvin probe to observe the decay in surface potential as a function of time.
The number of trapped positive charges generated per unit area of 8 eV irradiation for pristine SiCOH and UV-cured SiCOH undergoing the same photon dose was compared. It was found that the UV-cured dielectric had approximately 5.6% more trapped positive charge in comparison to the pristine dielectric. Furthermore, it was also found that the photoinjection current in the UV-cured sample was approximately 7.9% less as compared with the pristine SiCOH sample. These results are shown in Table II . The measurements were found to be repeatable.
Then, by comparing the surface potential as a function of time after irradiation for both samples, we find that trapped charges in the UV-cured sample decay faster. The surface potential generated by VUV irradiation in the UVcured sample decayed with a time constant of 0.116 V/h. In comparison, the surface potential decayed at 0.022 V/h for the pristine SiCOH. Thus, the charge-decay time constant for the UV-cured sample was five times that of the pristine sample. As discussed above, the UV-cured sample had only 5.6% more trapped charges after VUV irradiation. However the time taken for the trapped charges in the UV-cured SiCOH to decay was one third of that for pristine SiCOH. Thus, we can infer that the UV-cured dielectric films have a higher intrinsic conductivity. The intrinsic conductivity for pristine SiCOH, from the trapped charge decay rate, was calculated to be 1.43 Â 10 À16 S/m. As expected, the UV cured samples had a higher intrinsic conductivity of 7.57 Â 10 À16 S/m. These are summarized in Table III . Figure 8 shows the VUV spectroscopy curves for pristine and UV-cured SiCOH both before and after 8-eV VUV irradiation. Before VUV irradiation, the spectroscopy measurements for pristine and UV-cured SiCOH overlap. A small difference in the results is seen during VUV spectroscopy because an unavoidable small dose of VUV irradiation occurs while the spectroscopy scan was taken.
After VUV irradiation, VUV spectroscopy was made for comparison with the un-irradiated samples. The spectroscopy showed two important differences. First, for photon energies less than 8.5 eV as shown in Figure 8 , the photoemission/substrate current measured during VUV spectroscopy for pristine SiCOH is larger than the corresponding current for UV-cured SiCOH. This occurs because, for photon energies less than 8.5 eV, photoemission can occur only from the defect states in the bandgap. Since the photoemission current will then be proportional to the number of defect states, we can conclude that pristine SiCOH has more defect states in the bandgap as compared to UV-cured SiOCH. On the other hand, for photon energies higher than 8.5 eV, the photoemission current for UV-cured SiCOH is larger than that for pristine SiCOH. This is because for energies greater than 8.5 eV, photoemission can occur directly from the valence band in addition to the photoemission from the defect states. In steady state, the photoemitted electrons are replaced with photoinjected electrons. These photoinjected electrons have to drift/diffuse to the surface of the dielectric to be photoemitted. Therefore, in steady state, the drift/diffusion current will be equal to the photoinjection current that in turn is equal to the photoemission/substrate current. Thus, as described above, the surface potential measured in steady state is determined by the parallel combination of the intrinsic and photoconductivities since the photoinjected current may be considered as a current source. Since the intrinsic conductivity has already been calculated, as described above, the photoconductivities for pristine and UV cured samples can easily be extracted from the surface potential and the steady-state current. As expected, the UV cured samples had a higher photoconductivity of 2.9 Â 10 À14 S/m in comparison to 2.0 Â 10 À14 S/m for pristine samples. These results are also summarized in Table III .
Hence, we can conclude that this sample of UV-cured SiCOH has fewer defect states than pristine SiCOH, especially if the comparison is made after VUV exposure. In addition, the UV-cured SiCOH has a higher photoconductivity. From calculations of the trapped charge, we find that UV-curing increases the number of trapped charges generated in SiCOH under VUV irradiation for the same photon dose and energy. However, it must be noted that all UV curing processes are not the same, and there are materials in which the leakage currents are smaller after UV curing.
D. Effect of dielectric-substrate interface on charge trapping
In BEOL processing, a SiCOH/SiCN stack is typically deposited on an exposed Cu/SiCOH following CMP, 82 whereas the work reported in the previous section was for simple stacks of SiCOH/Si. The purpose here is to determine what differences in VUV response are observed for industrially relevant SiCN/SiCOH/SiCN/Cu stacks exposed to plasma etch, as compared to samples on Si with or without native oxide, similar to those described in other sections. [83] [84] [85] Here, dielectric films deposited on Cu and, for comparison, model Si/SiO2 films were irradiated with VUV photons having energies and fluxes typically generated during plasma processing. It was found that the nature of the dielectric-substrate interface changes the number of trapped charges in the dielectric.
To investigate the effect of different dielectricsubstrate interfaces on charge trapping, a dielectric stack consisting of 15 nm SiCN(k ¼ 5)/175 nm SiCOH(k ¼ 2.4)/ 15 nm SiCN(k ¼ 5) was deposited with plasma-enhanced chemical vapor deposition on the following substrates: (1) Si, (2) Si with 5-nm of thermally grown oxide, and (3) Cu/ Ta/NiSi deposited on Si. SiCN forms an interface with these three substrates. A description of the samples is shown in Figure 9 .
All of the samples have the same dielectric stack but have different dielectric-substrate interfaces. The dielectric stack deposited on silicon was used as a reference and compared with the other two. In comparison to the reference sample, the presence of a thin thermally grown oxide layer reduces the density of interface defect states. 86 This occurs because the dangling bonds from the silicon-crystal termination are reduced in the presence of the oxide. 87 The reduced interfacial states result in a smaller FowlerNordheim tunneling current. 88, 89 Fowler Nordheim tunneling is associated with electrons tunneling from the semiconductor Fermi level into the dielectric conduction band. Under Fowler-Nordheim conditions, it is possible for charge to tunnel from the valence band of the substrate into a trap/defect state in the bandgap of the dielectric. Thus, the number of interface states controls the tunneling current. Hence, the net injection current into the dielectric from the substrate will be smaller when there are fewer interface states. A lower injection current means less repopulation of the depopulated defect states, since, as stated previously, the steady-state condition is the result of a balance between depopulation by photon excitation and repopulation by injection. Hence, more positively charged traps remain in the sample deposited on Si with the interfacial thermal oxide as compared with the reference sample.
The following measurements were made during irradiation. First, VUV spectroscopy was performed for photon energies between 4.5-12 eV. Second, the sample was irradiatied with 8-eV VUV irradiation with a fluence of 5.9 Â 10 13 photons/cm 2 . The photoemission/substrate current was measured as a function of time/dose during the irradiation. Finally, VUV spectroscopy was repeated after the 8-eV VUV irradiation. Figure 10 shows the photoemission/substrate current measured during the 8-eV irradiation. As expected, the substrate current decreases with increasing photon dose for the three samples. The current is found to be same for all three samples at the lower doses. This is because the samples are fabricated with the same dielectric stack, and, hence, they are likely to generate the same number of photoemitted electrons from depopulation of the dielectric. This will occur until the dose increases so that the self-consistent electric field created by the trapped positive charges builds up to a sufficiently high level to change the photoemission/substrate currents.
In steady state, we see that the dielectric deposited on copper has the largest photoemission current, whereas the dielectric deposited on Si with the interfacial thermal oxide has the lowest steady-state photoemission current. This occurs because the SiCN-Cu interface has a lower energy barrier (0.9 eV) in comparison to SiCN-Si (1.7 eV). [90] [91] [92] On the other hand, the interface energy barrier between SiCN and Si with thermally grown oxide is higher than SiCN-Si because of reduced dangling bonds in the presence of the oxide. 87 The number of trapped charges per unit area generated as a function of photon fluence per unit area can be calculated from the photoemission current measurements, as described previously. The calculated value of trapped charges for the three samples after a VUV photon dose of 5.9 Â 10 13 photons/cm 2 is shown in Table IV . The injection current, which is sum of the photoinjection and FowlerNordheim tunneling currents, is also listed in Table IV . From the tabulated data, the inverse relation between the number of trapped charges in the dielectric and the magnitude of the injection current is verified. The dielectric deposited on Si with an interfacial thermal oxide had the most trapped charges per unit area, followed by the dielectric stack on Si. The dielectric stack on Cu had the smallest number of trapped charges per unit area.
The results obtained from the substrate-current measurements were validated with VUV spectroscopy measurements between 4.5 and 12 eV. These are shown in Figure 11 . We observe that the VUV spectroscopy curves for the three samples before irradiation are similar. These variations in the VUV spectroscopy curves are again likely the result of the low-level but unavoidable irradiation during VUV spectroscopy. The photon flux was made as small as possible. However after 8-eV VUV irradiation, the dielectric stack on Cu had the largest VUV spectroscopy current while the dielectric stack on Si with thermally grown interfacial oxide had the lowest VUV spectroscopy current. This result is true for any photon energy between 4.5 and 12 eV and is consistent with the substrate/photoemission measurements discussed earlier.
Thus, we find that the nature of the dielectric-substrate interface changes the number of trapped charges generated in the dielectric under VUV irradiation. As stated earlier, this is because a lower dielectric-substrate interface energy barrier increases the photoinjection current, thereby reducing the number of trapped charges generated in the dielectric. Inversely, a lower photoinjection current due to a higher dielectric-substrate interface barrier energy increases the number of trapped charges generated in the dielectric. Also the higher Fowler-Nordheim tunneling currents due to the increased number of interface defect states increases the injection current and reduces the number of trapped charges generated in the dielectric during VUV irradiation.
E. Effect of porosity on charge trapping
The dielectric constant of SiCOH can often be reduced by introducing porosity.
1,41,93,94 However, higher porosities
show an increase in the number of trapped charges generated from incident VUV irradiation. 6, 29 VUV spectroscopy, photoemission current, capacitance-voltage characteristics, and surface potential measurements are used to determine number of trapped charges generated for the three cases.
Typically, nanopores of size 2.5 nm or less are introduced in SiCOH to reduce the dielectric constant.
1, 95 However, the nanopores can act as charge trapping centers. 31 That is, charges aggregate along the boundaries of pores and remain trapped. Thus, the number of trapped charges in SiCOH will change as the porosity increases.
The number of trapped charges generated per unit dose of VUV irradiation depends on the photoabsorption coefficient of the dielectric. The higher the photoabsorption coefficient, the more charges will be trapped. It has been reported that VUV photoabsorption increases with increasing porosity of SiCOH. Thus it is indeed plausible that for the same dose of VUV photons, higher porosity (lower dielectric constant) SiCOH will have more trapped charges in comparison to lower porosity (higher dielectric constant) SiCOH.
To investigate the effect of porosity on charge trapping, SiCOH with dielectric constants of 3.0 and 2.65 was deposited with thicknesses of 458 nm and 444 nm, respectively, on Si followed by UV curing. The porosity for k ¼ 2.65 was measured to be 15%-20% by elipsometric porosimetry. The sample with k ¼ 3.0 had no detectable porosity. After UV curing, surface-potential measurements and C-V measurements were made. The samples were then exposed to a fluence of 7 Â 10 13 photons/cm 2 of 8 eV VUV photons. The photoemission/substrate current was measured as a function of time/dose during irradiation. After VUV irradiation, the surface potential and C-V measurements were repeated. Figure 12 shows the photoemission/substrate current of SiCOH for k ¼ 2.65 and k ¼ 3.0 as a function of the 8-eV VUV photon dose. Both measurements were made during the same synchrotron beam-current condition. The sample with k ¼ 2.65 shows a higher photoemission/substrate current for the same VUV irradiation flux rate. This means that a higher percentage of photons was absorbed in the k ¼ 2.65 dielectric film. This is validated by a VUV reflectance measurement 96 for the two samples, which is shown in Figure 13 . The reflectance shows that the film with k ¼ 2.65 has a lower reflectance, i.e., a higher photoabsorption.
The photoemission/substrate currents for the films with k ¼ 2.65 and k ¼ 3.0 as a function of photon dose can also be compared. With increasing VUV photon dose, more trapped charges are generated, which results in a higher selfconsistent electric field. The self-consistent electric field reduces photoemission. 38 As shown in Figure 12 , the slope of the photoemission/substrate current curve as photon dose increases changes rapidly for the film with k ¼ 2.65 in comparison to the film with k ¼ 3.0. This is likely because a larger self-consistent electric field builds up in the k ¼ 2.65 dielectric in comparison to the k ¼ 3.0 dielectric for the same VUV photon dose. Hence, we infer that more trapped charges are generated in the SiCOH with k ¼ 2.65 for the same VUV photon dose.
The number of trapped charges generated from VUV irradiation is calculated from the photoemission/substrate current as was shown previously. For the k ¼ 2.65 dielectric, a photon dose of 7 Â 10 13 photons/cm 2 generated 3.7 Â 10 11 trapped charges per square cm of the irradiated sample whereas for the k ¼ 3.0 dielectric, only 2.3 Â 10 11 trapped charges per square cm were generated. This result can also be confirmed with surface-potential measurements. The surface potential increased by 5.4 V for the k ¼ 2.65 dielectric, but increased only by 3.7 V for the k ¼ 3.0 dielectric. This is consistent with the shift in the flat-band voltage of the C-V characteristics as was shown previously. A summary of these results is shown in Table V. Thus, it can be concluded that trapped charges in SiCOH due to VUV irradiation during processing are dependent on the porosity of the dielectric. More trapped charges are generated in higher porosity SiCOH for the same photon dose.
VII. PLASMA EXPOSURE
A. Charge accumulation in low-k dielectrics
Here we investigate how charges can be generated in the dielectric stacks during plasma exposure as well as how they leak away after exposure. That is, we now expose the samples to simultaneous VUV/UV and particle bombardment. Hence, low-k porous organosilicate glass (SiCOH) was exposed to an argon ECR plasma. The ECR plasma was operated with a pressure of 5 mTorr and a microwave power of 400 W. In situ substrate currents at the wafer chuck and VUV photon-flux measurements with a monochromator were measured followed by surface-potential measurements on the dielectric before and after exposure.
Two different charging mechanisms occur during argon plasma exposure. They are (1) ion sticking and (2) photon bombardment. The ion density was measured with a Langmuir probe, including the sheath effects, while the photon flux was measured with the VUV monochromator. The plasma potential was also measured using the Langmuir probe. We calculate the ion flux by assuming that ions enter the sheath with the Bohm velocity. The wafer chuck is normal to the magnetic field lines, so that a high ion flux is incident on the dielectric. The magnetic field, plasma neutral pressure, microwave power, wafer-bias voltage, and wafer position can all be adjusted to control the fluxes of the charged particles and photons. Figure 14 shows the measured spatial distribution of the ion density in the plasma chamber (a) along with the measured argon ECR plasma radiation spectrum in the VUV range (b). The photon flux was measured using a monochromator that was connected to the plasma chamber. The absolute flux was obtained using a calibrated photodiode.
As mentioned previously, a capillary-array window was placed over a portion of the dielectric. The window filters out the ion flux while allowing photons to travel to the dielectric, so that ion and photon bombardment effects on dielectric charging can be separated.
The charge accumulation after plasma exposure was measured, as shown in Figure 15 . Immediately after plasma exposure, the samples with and without the capillary-array window exhibit different surface potentials (8.5 and 15.3 V, respectively). In addition, the time-decay rates of the surface-potential of the samples after exposure are different as shown in Figure 15 . The surface potential of the sample that is not covered by the window shows a faster initial decay. When it reaches the surface-potential curves for the samples with synchrotron exposure and for plasma exposure with the capillary-array window about one hour after plasma exposure, it follows them exactly.
This shows that ion and photon bombardment accumulate charge in the dielectric with different mechanisms. For ion bombardment, more charge was accumulated, but it decays faster in time after exposure. This is likely due to surface ion sticking. On the other hand, photon bombardment is likely to result in trapped charge within the dielectric layer with a much longer decay time. The decay for these trapped charges is likely from the leakage current through the dielectric layer. This interesting phenomenon leads to the conclusion that there are indeed different mechanisms of charge accumulation from particle bombardment and from radiation bombardment.
To confirm this, a separate 11.6 eV VUV synchrotron irradiation was made on SiCOH. In Figure 15 , it is seen that the surface-potential decay rate after synchrotron or plasma radiation exposure (the case with the capillary-array window) are roughly the same. Hence, we conclude that the charge-accumulation mechanism of the window-covered sample is due to photon bombardment and is not affected by the small number of particles that might have been able to pass through the capillary-array window. For the sample that is not covered by the window, the rapid decay of the surface potential is likely due to contact with the air of the ions implanted on the surface. In fact, keeping the sample under vacuum until the surface potential was actually measured was shown to greatly delay the initial chargeneutralization process.
B. Modifications of chemical bonds and physical changes
It has been reported by Lee and Graves 97 that 8.4 eV VUV irradiation can result in broken Si-C bonds. Thus, after VUV irradiation this material would be expected to have a larger number of Si dangling bonds. By using the plasma exposure system and the capillary-array window, it is possible to examine the response to VUV irradiation from plasma exposure without the presence of ion bombardment. ESR measurements on pristine (SiCOH with k ¼ 2.75 and 50 nm thickness) and plasma-exposed samples with and without the capillary-array window are shown in Figure 16 . By fitting the ESR measurement curve using A, B 0 , and r to determine the defect concentration (Table VI) , it is seen that the defect concentration increases due to VUV irradiation. The defect concentration increases further if no capillary array window was used during plasma-exposure, i.e., ion bombardment is added to the VUV photon irradiation.
In addition to ESR measurements, changes in chemical properties were measured using Fourier transform infrared spectroscopy (FTIR). Multiple chemical bonds were identified: Si-(CH 3 ) x ¼ 1,2,or3 at 700-900 cm Figure 17 shows FTIR measurements of the pristine and plasmaexposed SiCOH with and without the capillary-array window. From Figure 17 , we see that the FTIR shows the Si-(CH 3 ) x wagging concentrations increase due to plasmaphoton bombardment. The concentration is even higher for the uncovered sample, suggesting that plasma exposure also increases the Si-(CH 3 ) x wagging concentration by ion bombardment. Note that the increase of Si-(CH 3 ) x wagging does not indicate any chemical reaction taking place. It only indicates that, the dielectric film was subject to a physical change so that a more twisted bonding structure was seen during the processing.
VIII. SUMMARY AND CONCLUSIONS
VUV damage effects on low-k dielectric films were identified with both synchrotron and plasma exposure. Photons from the plasma cause trapped-charge accumulation in the bulk of the dielectric, while ions tend to stick to the dielectric surface. Chemical-bonding structures were identified along with physical changes to the low-k dielectrics due to plasma and VUV exposure. By analyzing measurements of photoemission currents and VUV spectroscopy, C-V characteristics and surface potential measurements, it was found that VUV irradiation depopulates electrons in the defect states leaving the trapped positive charges in the dielectric. The number of positively charged traps generated by VUV irradiation during processing is altered by the material properties of SiCOH. More trapped charges per unit photon dose are generated in UV-cured SiOCH than in pristine SiCOH during VUV irradiation. Although there are major advantages to UV curing of low-k dielectrics, there are thus some deleterious effects on its intrinsic and photo conductivities as well as enhanced charge trapping that are of importance in plasma processing of low-k SiCOH. In addition, changing the dielectric-substrate interface can change the number of positively charged traps generated in the dielectric during processing. Higher porosity in SiCOH has the advantage of a lower dielectric constant, but has the disadvantage of more positively charged traps being generated during VUV irradiation. It is likely that the increase in trapped charge is ascribed to higher photoabsorption and charge trapping around the nanopores. Consequently, modifications of the porosity, the dielectric-substrate interface and the UV curing process can be used as parameters to reduce positive charge accumulation during processing of low-k SiCOH.
Using a capillary-array window, it is now possible to separate particle-bombardment and plasma-radiation effects during ECR plasma exposure on SiCOH. It was found that plasma-induced charge accumulation has two parts: (1) surface ion sticking from ion bombardment and (2) trappedcharge accumulation within the dielectric due to photon bombardment. ESR measurements showed an increase in defect state concentration and FTIR measurement showed modification Si-(CH 3 ) x bond concentrations with plasma exposure.
The authors hope that the results presented in this review paper will be helpful in developing the future applications of low-k dielectric materials. 
